show nearly universal persistence of viremia and reinfection of the liver, but identifying the point at which the liver is reinfected morphologically can be difficult. One tool that may potentially be useful to detect reinfection is reverse transcriptasepolymerase chain reaction (RT-PCR), which has proven to be highly sensitive for detecting HCV RNA in formalin-fixed paraffin-embedded liver tissue. Our purpose was to gain insight into the time frame of HCV reinfection by assaying for HCV RNA in serial posttransplant liver biopsy specimens. Our study population consisted of 14 patients who underwent liver transplantation for hepatitis C and had confirmed HCV RNA in pretransplant serum, absence of HCV RNA in donor livers, and available consecutive posttransplant liver allograft specimens. We performed RT-PCR for HCV RNA in serial posttransplant liver biopsy specimens, beginning at 1 week until at least one biopsy from each tested positive. HCV RNA was detected in liver tissue by RT-PCR in 1-week post-OLT liver samples in 6 of 14 (42.8%) patients, the earliest being 5 days post-OLT. Eventually, each of the remaining eight samples became RT-PCR positive as well; the first detections occurred in these at 3 weeks (three cases), 4 weeks (three cases), 48 weeks (one case), and 144 weeks (one case). Histologic identification of hepatitis C recurrence was relatively insensitive in relation to these molecular data. These data suggest that (1) HCV RNA reinfection is nearly universal after liver transplantation in patients with chronic hepatitis C infection, (2) molecular reinfection by HCV occurs at a variable interval post-OLT, with the majority of allograft livers reinfected as early as 1 week, and (3) morphologic features of hepatitis C are usually appreciable at the time of "molecular" recurrence.
Hepatitis C virus (HCV) is one of the major causes of end stage liver disease worldwide and is a leading indication for orthotopic liver transplantation (OLT). HCV RNA has been successfully detected in serum (1) (2) (3) (4) (5) and fresh frozen (1, 6) and paraffinembedded (6 -14) tissue, using the sensitive technique of reverse transcriptase-polymerase chain reaction (RT-PCR).
Identification of virus in tissue is of particular relevance in the post-OLT setting. Although orthotopic liver transplantation has emerged as an effective treatment for end stage chronic hepatitis C, recurrent infection of the allograft occurs almost universally according to most authors (1, 2, 4, 5, 12, (15) (16) (17) (18) (19) (20) (21) (22) (23) . The major supporting evidence has been the post-OLT persistence of HCV RNA in serum, detected using the PCR technique, in nearly all cases (3, 4, 18, 19, 24) . Further evidence for the nearly universal recurrence of hepatitis C has been the detection of HCV RNA in liver tissue by RT-PCR in more than 90% of cases (12, 15, 23) .
Despite the nearly universal recurrence of HCV viremia post-OLT, the frequency with which recurrent hepatitis is recognized histologically is only in approximately 50 to 70% of cases (5, 12, 21, 23) , with differences possibly reflecting varying thresh-olds for diagnosis and follow-up intervals. Recurrent hepatitis C seems to begin as a lobular hepatitis that is typically recognized several months post-OLT (5, 12) and evolves to a chronic, portaldominant hepatitis over the next several months. Greenson et al. noted acute, lobular hepatitis at an average of 135 days post-OLT (range, 39 to 279 days) and chronic hepatitis at an average of 356 days post OLT (range, 89 to 1365 days) (12) . There is evidence that the acute, lobular hepatitis may occur subtly as early as 1 week post-OLT (KP Batts et al,. unpublished data). Others have reported histological evidence of onset as early as 4 weeks (4, 15) to as late as 3 years post-OLT (22) .
To gain insight into the time frame for the "molecular" reinfection and histologic recurrence of hepatitis C, we retrospectively reviewed serial post-OLT liver samples from hepatitis C patients, using both RT-PCR and light microscopy.
MATERIALS AND METHODS

Specimens and Study Design
We retrospectively selected 14 patients who had (1) RT-PCR proven HCV RNA in pre-OLT serum and explanted liver tissue, (2) pretransplant donor biopsy specimens in which RT-PCR failed to detect HCV RNA, and (3) multiple post-OLT liver samples available for analysis (Fig. 1) . A post-OLT liver biopsy sample from each patient was analyzed by RT-PCR for the presence of HCV RNA until at least one sample tested positive. If subsequent samples were available, one or more of those samples were also analyzed to determine the reproducibility of positivity (see below and Fig. 1 ). The histology slides from each analyzed episode were also reviewed by two experienced hepatic pathologists.
HCV RNA Detection
Fixation and storage of specimens
All biopsy specimens had been immersed in 10% neutral buffered formalin (CMS Fisher, Wood Dell, IL) overnight (6 to 24 h), and then processed through graded alcohols and paraffin infusion (Processor MVP, RMC Inc., Tucson, AZ). Infusion paraffin (CMS Fisher) was used for tissue infiltration, while embedding-type paraffin (Surgipath, Richmond, IL) was used for embedding. The paraffin embedded blocks were then stored at room temperature, whereas serum samples were stored at Ϫ70°C until the time of this study.
RNA extraction
For the tissue specimens, we used two unstained 5-m sections of formalin-fixed paraffin-embedded liver tissue per sample, whereas 100-l aliquots of serum were used for the serum specimens per sample. The tissue samples were transferred from glass slides to 1.5-mL microcentrifuge tubes containing 1 mL of RNAzol B (Leedo Laboratories, Houston, TX). The tubes were incubated at 70°C for 15 min to melt the paraffin and were vortexed briefly before the addition of 100 L of RNAse-free water (USB, Cleveland, OH). Tissue samples were digested by incubation at room temperature for 1.5 h with vortexing every 30 min. The serum samples were transferred directly to 1.5-mL microcentrifuge tubes containing 1 mL of RNAzol B (Leedo Laboratories). From this point on, the preparation for both types of specimens remained the same. The extraction was performed using the same procedure described in our previous articles (13, 14) .
RT-PCR
HCV RNA was amplified using the same combined RT-PCR method described previously (13, 14) . The primers used target the high conserved 5Ј untranslated region of the HCV.
Controls
For negative controls, we used formalin-fixed, paraffin-embedded liver tissue and serum specimens from two patients with a diagnosis of primary biliary cirrhosis and known to be serum and liver tissue HCV RNA negative by RT-PCR. Formalinfixed, paraffin-embedded liver tissue and serum specimens from two patients known to be HCV positive in serum and liver tissue by RT-PCR were used as positive controls.
To further confirm a successful RNA extraction and the presence of intact RNA in each specimen, we performed RT-PCR for albumin mRNA in all cases. The positive albumin mRNA control consisted of liver tissue from a patient with primary biliary cirrhosis, whereas the negative albumin mRNA control consisted of human brain tissue.
These controls were assayed parallel with study specimens.
Histologic Examination
Existing hematoxylin and eosin-stained slides from all post-OLT serial biopsy specimens that were tested by RT-PCR were reviewed independently by two experienced pathologists (KPB, LJB). Each was unaware of the time post-OLT, patient identity, and the molecular (HCV RNA) status of the specimen. In addition, two post-OLT cases known to be HCV RNA negative, with serial posttransplant biopsy specimens obtained between posttransplant day 7 and 4 months, were reviewed as negative controls. For each case, the degree of portal inflammation, piecemeal necrosis (interface hepatitis), lobular necrosis, and confluent necrosis was graded using the modified hepatic activity index of Ishak et al. (25) . Macrovesicular steatosis was also graded on a 0 to 4 scale, corresponding to none (absent), minimal (Ͻ5% acinar tissue), mild (5 to 25%), moderate (25 to 50%), or marked (Ͼ50%) lobular involvement.
A subjective determination was made by a single reviewer (KPB) as to whether there appeared to be recurrent hepatitis C (yes, no, indeterminate). If yes or indeterminate, the dominant morphologic pattern was recorded as either lobular, periportal, or portal hepatitis, as described previously (26), corre- sponding to an appearance suggesting an "acute," "chronic active," or "chronic persistent" hepatitis pattern, respectively (27) .
RESULTS
Molecular Study
HCV RNA in liver tissue HCV RNA was detected by RT-PCR in specimens obtained approximately 1 week (5 to 9 days) post-OLT in 6 of 14 (42.8%) cases. Another four cases became positive at approximately 3 weeks post-OLT, and the remaining cases were noted to be positive at 4 weeks, 1 year, and 3 years post-OLT, as shown in Figure 1 . Albumin mRNA was detected in all samples, confirming a successful extraction and the presence of intact RNA in the formalin-fixed, paraffin-embedded liver tissues. Positive and negative controls reacted appropriately. To further confirm the presence of the HCV RNA in the cases, we performed RT-PCR on subsequent biopsy specimens after the first positive result in nearly all of the cases. These samples were all positive for HCV RNA.
HCV RNA in serum
We detected HCV RNA in all of the post-OLT serum samples obtained the same day as the biopsy specimens. These samples were uniformly positive, independent of the biopsy HCV status. Positive and negative controls reacted appropriately.
Histologic Study
The frequencies at which piecemeal necrosis (interface hepatitis), lobular hepatitis, portal inflammation, and steatosis were noted in HCV RNA positive and negative biopsy specimens at the various post-OLT time intervals are shown in Figures 2-5 . Piecemeal necrosis was thought to be present in only 4 of 14 1-or 3-week post-OLT samples that were HCV positive and was present in 3 of 14 1-or 2-week HCV-negative cases (Fig. 2) , suggesting that piecemeal necrosis is not a reliable correlate of HCV RNA status in the immediate post-OLT period. In specimens taken 3 weeks post-OLT and beyond, none of the HCV negative specimens demonstrated piecemeal necrosis; however, even in the HCVpositive samples, piecemeal necrosis was present in only a minority (8 of 33; 24.2%). Interestingly, none of the three HCV-positive samples obtained 1 year and beyond showed piecemeal necrosis.
Lobular hepatitis was present in the majority of 1-week post-OLT samples regardless of HCV RNA status (Fig. 3) , suggesting that, although this could be a reflection of early recurrent hepatitis C, it may in many cases reflect perioperative injury, perhaps related to preservation injury. In the 3-week to 6-month post-OLT period, 15 of 24 (63%) HCVpositive samples demonstrated lobular hepatitis versus 1 of 6 (17%) HCV-negative samples. In this time frame, the presence of lobular hepatitis (in patients undergoing transplantation for hepatitis C) had positive and negative predictive values for HCV Portal inflammation was present at 1-week post-OLT in approximately 50% of cases, regardless of HCV RNA status (Fig. 4) . In the 1-to 6-month post-OLT time frame, 7 of 13 (54%) of HCV-positive specimens showed portal inflammation, and neither of the 2 HCV negative specimens had significant portal inflammation. As with both piecemeal necrosis and lobular hepatitis, there was no portal inflammation in the four 1-year or later post-OLT samples, regardless of HCV status. Steatosis, generally mild, was present in most biopsy samples obtained 3 weeks or later post-OLT in both groups, suggesting that it is not a useful predictor of tissue HCV RNA status post-OLT (Fig.  5) . Among the HCV RNA-positive cases, steatosis was only observed in 1 of 6 samples in the first week post-OLT, suggesting that if steatosis is a feature of hepatitis C post-OLT, it probably takes time to manifest.
We also specifically analyzed the morphologic appearance of the first HCV RNA-positive liver specimens for each case (Table 1) . At least one of the reviewers noted lobular hepatitis in 9 of 14 cases; the cases lacking lobular hepatitis occurred at 8 days, 3 and 4 weeks, and 1 and 3 years. Piecemeal necrosis and significant portal inflammation were uncommon, supporting that early recurrent hepatitis C, when evident at all, will be in the form of an acute, lobular hepatitis rather than a "chronic, active" hepatitis. The presence of steatosis was uncommon at the time of the first positive HCV RNA sample, particularly in the first several months post-OLT. Subjectively, definite morphologic features of recurrent hepatitis C were difficult to appreciate, with only 2 of 14 (14%) cases considered likely to show recurrence, 5 of 14 (36%) showing equivocal recurrence, and 7 of 14 (50%) showing no likely recurrence.
Neither of the 2 negative control cases were thought to have morphologic features of recurrent hepatitis C on blind review. Neither case showed lobular necrosis or portal inflammation at 3 weeks or 4 months, and both showed trivial periportal inflammation (piecemeal necrosis) at 4 months, which was not considered significant.
DISCUSSION
RT-PCR has proved to be a sensitive and specific method of detecting HCV RNA (28) . This technique readily detects HCV RNA in serum, fresh frozen liver tissue, and formalin-fixed paraffin-embedded liver tissue (6, 11, 12, 15, 28 -30) . Interestingly, HCV-RNA has also been detected in nonhepatic reservoirs, such as those of the lung, testis, cerebellum, adrenal, and kidney (31) (32) (33) . A possible explanation for these observations could be the detection of HCV RNA in serum or peripheral blood mononuclear cells, which accompany the tissue specimen (34, 35) . Another observation that raises the possibility of tissue RT-PCR detection of circulating HCV RNA has been the discovery of HCV RNA in liver biopsy tissue as early as 7 to 12 days post-OLT (5, 22) . In a preliminary study, however, we failed to detect HCV RNA by RT-PCR in liver biopsies taken from HCV-positive individuals immediately posttransplant (14) . Our inability to detect HCV RNA by RT-PCR in these specimens indicates that, at least in our system, "background" peripheral blood in liver biopsy specimens does not yield false positivity that theoretically could have been caused by "passenger" HCV RNA in serum or peripheral blood mononuclear cells that accompany the tissue. We have previously shown that this technique in similarly fixed (overnight formalin) tissue from the explanted liver specimens of these patients showed 100% sensitivity and yielded no false positives (13, 14) . The above results are important in validating the use of RT-PCR to detect HCV RNA in tissue, particularly given the technical difficulties to date using immunoperoxidase (29, 36, 37) and in situ hybridization techniques (37) (38) (39) .
The exact replication mechanism of the HCV is not completely understood. The presence of the negative RNA strand is regarded as proof of viral replication and has been demonstrated in liver tissue, confirming the hepatotropism of the virus (35) . Because we did not seek the negative RNA strand in this study, we cannot comment on the presence of viral replication. Nevertheless, given the specimens' persistently testing positive after the initial positive result and the absence of detectable HCV RNA in "Day 0" specimens (14), we believe that our detection of HCV RNA in posttransplant liver biopsy specimens as early as 5 days most likely reflects true hepatic infection.
Persistence of HCV RNA in serum post-OLT is well documented (18, 19, 40) . Whereas in the nontransplant setting, the usual minimum clinical incubation period for hepatitis C is usually 6 to 7 weeks (23). As mentioned above, prior studies have identified HCV RNA in liver tissue as early as 1 week post-OLT (5, 22), suggesting, not unexpectedly, that the infection of hepatocytes by HCV occurs well before clinical symptoms are manifest. Our identification of HCV RNA in many 1-week post-OLT biopsies confirms these findings. Our findings that not all biopsy samples appear to be infected by 1 week and that some do not contain identifiable HCV RNA until 3 years post-OLT suggest that infection occurs at a variable rate post-OLT. Additional studies will be necessary to determine if the time to "molecular" recurrence is related to pretransplant HCV genotype, HCV RNA levels, host factors, or some combination of these.
The histologic portion of this study was designed to determine whether, in patients in whom recurrence of hepatitis C is anticipated, HCV RNA status of the biopsy sample resulted in recognizable histologic differences when comparing samples taken at a similar point in time post-OLT. We did not identify reliable histologic predictors of HCV RNA status among these patients. One week samples demonstrated similar degrees of piecemeal necrosis, lobular hepatitis, portal inflammation, and steatosis, and in individual cases, recurrent hepatitis C was difficult to identify with certainty (Fig. 6 ). This may reflect superimposed preservation and/or rejection changes that may obscure the histology changes of recurrent hepatitis C. In samples taken more than 1 month post-OLT, lobular hepatitis was observed in approximately two-thirds of HCV RNApositive samples but was not seen in HCV negative samples, suggesting that lobular hepatitis occurring after the immediate posttransplantation period may be a helpful but insensitive indicator of tissue HCV RNA positivity (Fig. 7) . The very few 1 year and beyond samples examined here did not provide convincing evidence of recurrent hepatitis C histologically. This is similar to prior studies that demonstrated morphologic evidence of recurrent hepatitis C in only 50 to 70% of cases (5, 12, 21, 23) . Although this study was not designed to trace the FIGURE 6. Histopathology of recurrent hepatitis C at 1 week posttransplantation. The liver is histologically unremarkable despite positive hepatitis C virus RNA testing by polymerase chain reaction analysis of biopsy tissue. Lack of histologic evidence of recurrent hepatitis is common at 1 week after orthotopic liver transplantation, presumably reflecting very early, histologically inapparent infection (hematoxylin and eosin). morphologic evolution of recurrent hepatitis C, there seems to be a tendency for portal inflammation to manifest in the 1-6 month period among HCV-positive samples, suggesting evolution to a "chronic, active hepatitis" pattern as described by prior authors (12) .
In summary, we have shown that reinfection of hepatic allografts occurs commonly within 1 week posttransplantation and usually 1 month, with occasional late recurrence at 1 or more years posttransplantation. Additional study with greater numbers of cases will be necessary to identify risk factor for early molecular recurrence of hepatitis C and the clinical significance of early versus late molecular recurrence. At this point, it is not clear how HCV RNA status of liver biopsy specimens should impact medical management. We also found that definite morphologic evidence of recurrence of hepatitis C is generally not present at the time of molecular recurrence. Presence of lobular hepatitis and piecemeal necrosis, after the first few weeks posttransplantation, are somewhat helpful yet insensitive indicators of tissue HCV RNA positivity.
